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Calcium and hypoxic injury in the renal medulla of the perfused rat
kidney. To study the interaction between calcium and the medullary
hypoxic lesions found in isolated perfused rat kidneys, the acute effects
of high extracellular calcium upon renal function and morphology were
evaluated in kidneys perfused with cell-free medium at a total calcium
concentration of 8 to 9 mgldl (controls), 13 to 14 and 19 to 20 mgldl (high
Ca). High Ca increased hypoxic damage to medullary thick
ascending limbs from 58.2 4.0% of tubules in controls to 80.2 4.0%
(P < 0.005) in the deepest area of the outer medulla. Morphological
changes in the cortex were minimal. The increase in damage to
medullary thick limbs induced by high Ca was prevented by the
calcium channel blocker verapamil. Addition of the calcium ionophore
A23 187 to controls reproduced the effects of high Ca with an increase
in the proportion of damaged thick limbs to 92.1 4.1% (P < 0.001 vs.
controls). Addition of equimolar amounts of magnesium chloride did
not reproduce the effect of high calcium perfusions. When transport
activity was reduced with ouabain, high calcium perfusions were no
longer associated with structural damage. In kidneys perfused with a
medium enriched with amino acids, the proportion of tubules with
severe, irreversible damage increased from 12 3 to 43 10% (P <
0.01) after high calcium perfusion, and to 75 12% (P < 0.001) after
perfusion with the calcium ionophore. High extracellular and intracel-
lular calcium appear to act in concert with hypoxia to increase the
susceptibility of the renal medulla to injury by mechanisms potentially
operative in hypercalcemic and ischemic nephropathy.
Calcium excess is toxic to cells in general [1, 2] and the
kidney is particularly susceptible to hypercalcemia. Calcium
excess induces kidney failure associated with renal vasocon-
striction, an ADH-resistant concentrating defect and medullary
nephrocalcinosis [31.
The limited oxygenation to the renal medulla is thought to
render the kidney especially susceptible to ischemia [4]. Be-
cause the vulnerability of the kidney to hypercalcemia is
associated with preferential medullary injury, we proposed to
test whether hypercalcemia might interact with or intensify
medullary hypoxia. The present study suggests that hypercal-
cemia increases the susceptibility of the renal medulla to
hypoxic cellular injury.
Received for publication December 30, 1985
and in revised form August 21, 1987 and March 28, 1988
© 1988 by the International Society of Nephrology
Methods
The isolated rat kidney model was chosen because when
using a cell-free medium for perfusion, this model expresses
medullary hypoxia by consistent damage to the medullary thick
ascending limb of Henle's loop (mTAL) [51. Sabra rats (from
the Hebrew University of Jerusalem), weighing 280 to 410 g,
kept on a standard Purina chow, were used for all experiments.
Mter anesthesia with mactin (Byk, Gulden Konstans, FRG),
100 mg/kg body weight, the right kidney was isolated and
cannulated as previously described by Ross, Epstein and Leaf
[6]. The perfusion medium was a Krebs-Henseleit solution
containing albumin at a concentration of approximately 6.7 g/dl,
supplemented with glucose 5 m, unless indicated otherwise,
and equilibrated with 95% 02, 5% CO2. Kidneys were perfused
for 90 minutes before their fixation for morphological evalua-
tion, using the techniques described in previous work [5, 7].
Experimental groups
I. Control group (N = 12). Kidneys were perfused with a
standard perfusion medium prepared, as in previous studies
[5—7], to contain a physiological concentration of calcium. In
brief, a stock solution of albumin (fraction V, Miles Laborato-
ries, Naperville, Illinois, USA), containing 13.4 g of albumin
per dl in Krebs-Henseleit, was dialyzed for 48 hours against
approximately 20 times its volume of Krebs-Henseleit with
calcium concentration of 6 mgldl. On the day of the experiment
an aliquot of albumin was diluted 1: 1 with Krebs-Henseleit.
The final concentration of calcium in the perfusate prepared
under those conditions was approximately 8.9 mgldl and of
ultrafiltrable calcium was 5.9 mgldl [8]. Glucose (5 mM) was
used as the only exogenous substrate in the experimental
groups I through X.
II. Verapamil (N = 6). Kidneys were perfused with standard
perfusate (as in the previous group) supplemented with vera-
pamil at 0.8 x l0 M, final concentration.
III. High calcium group I (N = 10). Kidneys were perfused
with perfusate enriched with calcium. To 125 ml of perfusion
medium, 1.44 ml of a stock 0.126 M solution of calcium chloride
(containing 5.0 mg/mI of elemental calcium) was added just
prior to the start of the perfusion, to give a final concentration
of approximately 13 to 14 mgldl (total calcium); ultrafiltrable
calcium, 7.7 mg/dl.
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IV. High calcium group 2 (N = 10). In this group, the
perfusate was enriched with twice the amount of calcium
chloride used in the previous group, or 2.88 ml of stock CaC12
per 125 ml of perfusion medium, to give a final concentration of
19 to 20 mg/dl (total calcium); ultrafiltrable calcium, 9.8 mg/dl.
V. High calcium and verapamil (N 7). Kidneys were
perfused with high calcium perfusate (as in group IV, total
calcium 19 mgldl) supplemented with verapamil at 0.8 X l0- M,
final concentration.
VI. Calcium ionophore (N = JO). Kidneys were perfused
with a regular perfusate (as in group I) supplemented with the
calcium ionophore A23187 (Sigma, St. Louis, Missouri, USA)
at 10—6 M, final concentration. The calcium ionophore was
dissolved in absolute alcohol and the volume of alcohol added
to the perfusate (approximately 20 to 25 p1 for 125 ml of
perfusate) has previously been determined not to produce
morphological or functional changes in this preparation (unpub-
lished observations).
VII. High calcium and ouabain (N = 4). Kidneys were
perfused with high calcium perfusate (as in group IV, total
calcium 19 mg/dl) supplemented with ouabain at 5 x l0— M,
final concentration.
VIII. High calcium in non-filtering kidneys (N = 4). Kidneys
were perfused with hyperoncotic medium (albumin concentra-
tion 13 g/dl) to stop glomerular filtration. The perfusate was
otherwise similar to that of group IV, with a total calcium of 21
mg/dl; ultrafiltrable calcium 8.7 mg/dl.
IX. Magnesium chloride (N = 10). To control for the possible
augmentation in the transport activity by the mTAL simply due
to the increased delivery of electrolytes reabsorbed in this
nephron segment (both calcium and chloride), kidneys were
perfused with regular medium (as in the control group) supple-
mented with magnesium chloride (63.4 mg per 125 ml of
perfusion medium or a 2.5 m increase over control perfusions
in which the concentration is 1.2 mM).
In the next four groups, the perfusion medium was enriched
with 20 amino acids as previously described [91.
X. Amino acids control group (N = 14). Kidneys were
perfused with medium enriched with 20 amino acids (AA) at the
concentrations used in previous work [91.
XI. Amino acids and high calcium (N = 8). Kidneys were
perfused with medium enriched with AA and supplemented
with calcium chloride as in group IV, or 2.88 ml of stock CaC12
per 125 ml of perfusion medium, to give a final concentration of
about 19 mg/dl (total calcium).
XII. Amino acids and calcium ionophore (N = 6). Kidneys
were perfused with medium enriched with AA and supple-
mented with the calcium ionophore A23 187 at l0— M, final
concentration.
XIII. Amino acids, calcium ionophore and verapamil (N =
4). Kidneys were perfused with medium enriched with AA and
supplemented with both calcium lonophore A23l07 (l0— M)
and verapamil (0.8 X iO M).
All additions were perfused prior to the start of the perfusion.
Determination of calcium concentrations
The total calcium concentration in the different perfusion
media was determined by atomic absorption. Because of the
high concentration of bovine albumin in the perfusate, it was
important to measure the ultrafiltrable calcium of the medium to
evaluate the actual degree of free calcium excess obtained
during high calcium perfusions.
Samples were drawn with a syringe which was immediately
sealed by sticking its needle into a rubber stopper. The samples
were transferred under a 5% CO2 atmosphere into an ultrafil-
tration apparatus (Ultrathimbles, Schlercher and Schull UH
100/10, fitted to a double compartment centrifuge tube) which
was sealed with a stopper and Paraflim coat prior to further
workup. Ultrafiltration was performed by centrilugation. First a
500 x g run was performed for five minutes to remove excess
water from the filter, followed by a 45 to 60 minute centrifuga-
tion at 800 x g for the collection of the ultrafiltrate [8].
All glassware used in these determinations was carefully
washed, soaked in a 5 mivi EDTA solution and rinsed thor-
oughly with double glass-distilled water.
Renal function
Glomerular filtration rate was estimated by clearance of
3H-inulin (Amersham, Arlington Heights, Illinois, USA). Tubu-
lar reabsorption of sodium was expressed in absolute amount
determined by subtracting urinary excretion from the quantity
filtered.
Morphologic techniques
The morphology of all kidneys in each group was examined.
A three-way stopcock was incorporated into the circuit 5 cm
from the arterial cannula to allow perfusion with the fixation
solution, at the same pressure applied during the functional
study, for an additional five to eight minutes. The fixative
solution contained 1.25% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4). The sections were postfixed in buffered 2%
OsO4, dehydrated and embedded in an araldite-epon 812 mix-
ture. Large (3 x 3 mm) sections were cut, containing the cortex
and outer stripe (for the evaluation of the mTAL). The sections
were examined by light microscopy. Analysis of injury was
completed in a blinded fashion.
The quantification of injury to the mTAL was performed as
previously described [5]. The damage to mTAL in the inner
stripe of the outer medulla was evaluated in three regions: outer
(A), mid (B), and inner (C). A percentage score was used to
indicate the fraction of tubules involved with minimal to mild
(chromatin margination, minor degrees of mitochondrial swell-
ing), moderate (pronounced mitochondrial swelling with limited
nuclear pyknosis), or severe (pronounced mitochondrial swell-
ing with extensive nuclear pyknosis and cell fragmentation)
changes.
Statistical analysis
Results are presented as mean SE. Student's 1-test was used
for comparison of different groups. Analysis of variance and the
Newman-Keul's test for multiple comparison were used in
Table 1.
Results
The effects of high calcium perfusions upon renal hemody-
namics and function are shown in Table I. Renal perfusion flow,
glomerular filtration rate and tubular sodium reabsorption
tended to be lower during high calcium perfusions, with glucose
as substrate (compare groups III and IV to I in Table 1) or with
amino acids enriched perfusates (compare group XI to X).
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FIg. 1. Effectsof high calcium and calcium ionophore upon morphology of isolated perfused rat kidneys. A,B. Renal cortex. After perfusion with
the calcium ionophore (A) or after high calcium (19 mgldl) perfusion (B), the proximal tubules show no significant changes. C,D. Renal medulla
(inner stripe of outer medulla) after high calcium (19 mg/dl) perfusion. A fraction of medullary thick ascending limbs (mTAL5) (*) shown in (C)
illustrate normal morphology. Notice the rod-shaped mitochondria and the absence of nuclear pyknosis or cell fragmentation. A greater fraction
of mTALs (*), however, shown in (D) illustrate severe damage. Notice the extreme mitochondrial swelling, the nuclear pyknosis and the extensive
cytoplasmic disruption. Figure 2 contains quantitative analysis. (x 860)
These changes, however, did not reach statistical significance.
Addition of the calcium ionophore A23187 (10 M) reduced
glomerular filtration rate and consequently the absolute rate of
sodium reabsorption in group XII (compared to group X). As
expected, perfusion with ouabain (in group VII) markedly
decreased sodium reabsorption and caused renal vasoconstric-
tion. Perfusion with hyperoncotic medium (group VIII), abol-
ished glomerular filtration as predicted. Perfusions with magne-
sium chloride (group IX) did not significantly differ from con-
trols (group I). Addition of amino acids enhanced glomerular
filtration and tubular sodium reabsorption, as previously ob-
served [91. Addition of verapamil in groups II and V did not
produce significant functional changes. Verapamil did not pro-
tect from the calcium ionophore (group XIII) and in fact this
'I 
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Table 1. Effects of high calcium and calcium ionoph
gr
ore upon renal perfusion flow and glomerular
oups of isolated perfused rat kidneys
filtration rate in the different experimental
Renal Glomerular
.
perfusion filtration
flow rate
Absolute
rate of
.
sodium
reabsorbed
p.Eqlmin
Fractional
tubular
.
reabsorption
.of sodium
%ml/min
Group I 47.6 2.6 0.4 0.04 53.2 5.2 92.1 1.4
controls
Group II 47.2 2.5 0.33 0.03 44.4 4.2 95.2 0.6
verapamil
Group III 44.6 4.5 0.35 0.04 44.9 5.4 93.8 0.7
high calcium I
Group IV 49.7 2.9 0.34 0.04 44.9 4.8 95.7 0.7
high calcium 2
Group V 43.0 2.2 0.41 0.03 51.6 4.4 89.8 1.4
high calcium + verapamil
Group VI 43.5 2.4 0.36 0.02 47.4 2.7 93.4 0.7
calcium ionophore, 106 M
Group VII 19.6 3.8a 0.17 0.05 14.8 5.2 55.3 9.4"
high calcium + ouabain
Group VIII 39.3 2.7 — — —
high calcium, non-filtering
Group IX 41.3 1.8 0.36 0.03 48.1 4.5 96.1 0.5
magnesium chloride
Group X 49.3 1.9 0.67 0.08" 91.8 11.6" 96.9 0.5
AA controls
Group XI 45.6 3.3 0.46 0.1 63.5 12.6 96.4 1.0
AA + high calcium
Group XLI 44.9 4.2 0.22 0.05 27.6 7.5 90.6 3.7
AA + calcium ionophore, l0 M
Group XIII 29.7 5.Oa 0.07 0.02" 5.6 2.1" 55.9 8.4"
AA + calcium ionophore, iO M + verapamil
Data are at 60' of perfusion.
P < 0.05 vs. any other group (except VII)b P < 0.05 vs. any other group
combination elicited a marked deterioration in renal function
(Table 1).
The effects of calcium upon renal morphology in kidneys
perfused with glucose as the only substrate are illustrated in
Figures 1 and 2. The renal cortex remained unaffected by
calcium excess induced either by high calcium perfusions
(groups III and IV) or by the calcium ionophore (groups VI and
XII); these kidneys were morphologically indistinguishable
from those fixed after regular calcium perfusions (groups I and
X) (Fig. IA and B). By contrast, high calcium perfusions
affected the proportion of medullary thick ascending limbs
(mTALs) that exhibited damage typical of medullary hypoxia.
Under conditions of regular perfusion (group I), as previously
reported [5], in the deepest region of the outer medulla,
approximately half of mTALs show severe hypoxic injury (Fig.
1D) while the others remain intact (Fig. IC). The proportion of
damaged mTALs was significantly increased by high calcium
perfusions (groups III and IV) as illustrated by the quantitative
analysis shown in Figure 2. This effect was prevented by the
inclusion of verapamil in the high calcium perfusate (group V),
as indicated in Figure 2. The addition of verapamil to a regular
calcium perfusion (group II) did not significantly alter the
damage to mTALs (which involved 0, 78 3 and 65 9% of
tubules, in regions A, B and C, respectively). The addition of
the calcium ionophore A23187 to a regular calcium medium
Ca,
E
0.00
High Ca** High Ca' (19mg/dO +
l3mg/dI verapamil(104M)
Fig. 2. Effects of varying calcium availability to renal cells upon
hypoxic infu,y to medullary thick ascending limbs (mTALs) in isolated
rat kidneys perfused with glucose as the only substrate. The statistical
significance refers to the comparison vs. controls, except for high Ca
+ verapamil, compared to high Ca Symbols are: () moderate and
() severe damage, SEM; regions of the inner stripe—A outer, B
mid, C inner; *p < 0.02, '"P < 0.001 for extent, tP < 0.02, *P < 0.005
for severity of injury.
(group VI) reproduced the selective increase in medullary
injury caused by high calcium perfusions. In these kidneys
moderate injury was replaced by severe injury which affected
up to 92% of medullary thick limbs (Fig. 2). The damage to
mTALs observed after either high calcium perfusions or the
ABC ABC ABC ABC ABC
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Fig. 3. Distribution of injury to medullary
thick ascending limbs (mTALs) in relationship
to vascular bundles. Outer medulla (inner
stripe) from a kidney perfused with high
calcium medium (group IV). Thick ascending
limbs adjacent to vasa recta (V) show no
damage, while cell damage with nuclear
pyknosis and cytoplasmic fragmentation is
apparent in the mTALs situated away from
vascular bundles. Thus, while the extent of
injury to mTALs is increased with high
calcium, the distribution of the lesions
remains along putative gradients of
oxygenation. (x 330)
calcium ionophore, included mitochondrial swelling, nuclear
pyknosis and cell fragmentation, lesions similar in their char-
acter to the hypoxic injury to mTAL seen in previous studies
[5]. The damage to mTALs from calcium excess was most
severe in areas removed from the vasa recta (Fig. 3) and near
the inner medulla (areas B and C, Fig. 2), regions likely to suffer
from poor oxygen supply, similar to the distribution of hypoxic
injury observed in previous work [5].
In kidneys perfused with high calcium and ouabain (group
VII) hypoxic injury to the mTALs was absent. In non-filtering
kidneys perfused with high calcium (group VIII), damage to
mTALs was remarkably reduced in the midzone of the inner
stripe where severe lesions involved only 11 8% of tubules,
compared with 71 3% in the high calcium, filtering kidneys of
group III (P < 0.001, region B). In group VIII, injury was still
frequently observed in tubules with an open lumen located at
the junction of the outer with the inner medulla (region C)
where it involved up to 60 6% of rnTALs, versus 80.2 4%
in group III (P < 0.05). If magnesium chloride rather than
calcium chloride was added to the perfusate (group IX), the
proportion of damaged mTALs was 72 6% and did not differ
significantly from controls (group I).
In kidneys perfused with medium enriched with amino acids
(group X), hypoxic injury to mTALs was remarkably attenu-
ated, as previously observed [9, 10]. As illustrated in Figure 4,
the predominant type of injury was moderate (mitochondrial
swelling) present in 62% of mTALs, while severe damage
(nuclear pyknosis and cell fragmentation) was found in 12% of
the tubules (quantitation in Fig. 5). After high calcium perfusion
with amino acids (group XI), the proportion of mTALs with
severe damage was significantly increased (Fig. 5). With the
addition of the calcium ionophore A23 187 to a regular calcium
medium containing amino acids (group XII), moderate injury
was almost entirely replaced by severe injury (Figs. 4 and 5).
The morphology of the renal cortex in the last three experimen-
tal groups (X, XI and XII) was remarkable only for the presence
of subapical vacuoles in the cells of the proximal tubule,
possibly related to the addition of amino acids, as this was
unaltered by increasing calcium availability to the renal cells
(Fig. 6). The addition of verapamil in the presence of the
calcium ionophore (group XIII) did not protect the mTALs
from injury. In fact, in these kidneys the damage appeared even
slightly worse than without verapamil (group XII), as severe
lesions involved 43 24, 93 4 and 99 1% of the mTALs in
regions A, B and C, respectively (P < 0.001 vs. group X, for
region A).
Discussion
The kidney is a prominent target of injury during acute or
chronic hypercalcemia [31. Moderate hypercalcemia frequently
induces polyuria or even renal failure before significant neuro-
muscular or cardiac toxicity [3]. Although calcium is well
recognized as a mediator of cell injury in general [1, 2], the
relative vulnerability of the kidney to hypercalcemia compared
with that of other organs remains poorly understood.
Since calcium excess produces renal vasoconstriction, kid-
ney tissue could become ischemic during hypercalcemic neph-
ropathy, and if this were the case, it is likely that the renal
medulla would be especially at risk because of its precarious
equilibrium between oxygen delivery and consumption [4].
Interestingly, the renal medulla appears to be particularly
susceptible to calcium toxicity. A defect in the ability to
concentrate urine is one of the earliest and most consistent
functional impairments during hypercalcemia, in both clinical
[31 and experimental [11, 12] conditions. Medullary lesions have
been reported to predominate in animal models of hypercalce-
mia, with damage to the distal tubule, including the thick
ascending limb of 1-lenle's loop [11—13]. Medullary nephrocal-
cinosis is a common finding in human hyperealcemia [14]. It
seems reasonable to hypothesize, therefore, that hypercalcemia
might interact with hypoxia to produce selective injury to the
renal medulla.
In isolated rat kidneys perfused without an oxygen carrier,
medullary hypoxia is consistently expressed by selective injury
il
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Fig. 4. Effect of calcium ionophore in kidneys perfused with amino acids. Renal medulla. If amino acids are included in the perfusate (A) the
integrity of the mTAL is better maintained. Note the unremarkable mTAL on the right. The tubules on the left have retained much of their cell
structure but show marked mitochondrial swelling. In contrast, when the calcium ionophore is added to the amino acid containing perfusate (B),
there is severe injury characterized by marked cellular fragmentation. (x 260, X 260)
to medullary thick ascending limbs (mTALs) [51. Under regular
conditions of perfusion, using glucose as an exogenous sub-
strate, approximately half of the mTALs are involved with
severe damage (including nuclear pyknosis and cell fragmenta-
tion) in the deepest area (region C, Fig. 2) of the inner stripe of
the outer medulla. One can predictably modify the extent of this
damage by varying either the tubular reabsorptive activity
(oxygen consumption) or the oxygen supply to this area [5,
15—17]. Thus, the proportion of damaged mTALs appears to
reflect the balance of oxygen supply and demand within this
region of the kidney.
In the present study, high calcium perfusions were designed
to mimic in vivo hypercalcemia. Despite the high concentra-
tions of bovine albumin, the ultrafiltrable fraction of total
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calcium was approximateiy 50%, similar to values reported in
vivo [181. Therefore, the high calcium perfusions with total
calcium concentrations of about 14 and 19 mg/dl (groups III and
IV) are probably comparable to moderate or severe hypercal-
cemia, respectively, attained in intact animals or patients.
Interestingly, high calcium perfusions did not produce any
significant morphological change in the cortex; neither did the
inclusion of a calcium ionophore in the perfusate (Figs. 1 and 6).
By contrast, calcium excess consistently increased the severity
and/or the extent of injury to mTALs, as illustrated in Figures
2 and 5. This effect was reversed by the addition of the calcium
channel blocker verapamil (Fig. 2). Verapamil in itself did not
prevent mTAL injury. The calcium ionophore A23 187 repro-
duced the selective increase in hypoxic-like mTAL injury (Figs.
2 and 5) without affecting the renal cortex. As expected,
verapamil did not prevent injury induced by the calcium iono-
phore. In fact in this situation, verapamil appeared even to
exert a slight detrimental effect upon mTAL damage. The
results obtained with verapamil and A23187 suggest, therefore,
a role for increased intracellular calcium in the mediation of the
changes induced by high calcium perfusion. Since calcium is
concentrated in the renal medulla, it is conceivable that, com-
pared to cortical tubules, the medullary thick limbs were
exposed to higher ambient levels of calcium, leading to greater
damage in the deeper portions of these tubules. However, the
observation that the damage was most severe in areas removed
from vascular bundles (Fig. 3) suggests oxygen deficiency as an
important factor as well. These results suggest that calcium
excess augments the proportion of mTALs expressing hypoxic-
like injury.
When transport activity was reduced by inhibition of Na-K-
ATPase with ouabain, high calcium perfusions were no longer
associated with structural damage. Likewise, if the concentra-
tion of albumin in the perfusate was raised to stop glomerular
filtration and tubular reabsorption ("non-filtering" kidneys) as
previously observed [15, 16], mTAL injury was reduced even
when using high calcium perfusion medium. Thus, the delete-
rious effect of high calcium was apparent only in mTALs
AA +A523187 engaged in active transport. Magnesium chloride (activelyM
reabsorbed by the mTAL) did not significantly increase hypox-
ic-like damage to the thick limbs, suggesting that the mere
presentation of an excess of divalent cation salts is not the
cause of augmented injury.
Although we failed to detect a significant decrease in total
renal perfusion flow during high calcium perfusions, the calcium
ionophore tended to produce renal vasoconstriction (Table 1)
and a selective reduction in medullary perfusion flow might
have occurred in these experiments. Alternatively, reabsorp-
tive transport activity and consequently oxygen demand could
have been increased in the medullary thick limb, in part because
of reduced reabsorption in the proximal tubule [19, 20].' Cal-
cium excess may also inhibit glycolysis [3], increasing the
demand for oxygen to support transport function and medullary
hypoxia. Finally, calcium could directly aggravate hypoxic cell
damage by a variety of mechanisms recently reviewed [281 such
as activation of phospholipase [1], mitochondrial calcium over-
load [29—311 or potentiation of oxidative injury [32, 33].
In kidneys perfused with a medium enriched in amino acids
(group X) the hypoxic injury to mTALs was remarkably atten-
uated as previously shown and discussed elsewhere [9, 10]. In
brief, amino acids may improve medullary oxygen balance by
increasing renal perfusion flow and enhancing sodium reabsorp-
tion in the proximal tubule. Other mechanisms of protection
from hypoxia may participate, as was recently reported for
glycine in isolated proximal tubules [34]. The predominant
lesion consisted of mitochondrial swelling or "moderate dam-
age" as defined in Methods and illustrated in Figure 4. This
lesion is distinct from the more advanced "severe damage" in
which nuclear pyknosis and cell fragmentation indicate irre-
versible cell injury. Upon restoration of adequate medullary
oxygenation, moderate damage is no longer apparent [351. In
kidneys perfused with amino acids, increasing the calcium
available to renal cells by perfusing with high calcium medium
or with the calcium ionophore induced a transformation from
moderate to severe damage (Fig. 5). These results are in
agreement with observations in isolated mTAL cells indicating
that calcium availability may be an important determinant of
irreversible anoxic injury [36]. In the present study the well
oxygenated cortex was consistently protected from the effect of
calcium excess.
The synergism between calcium and medullary hypoxia to
induce severe mTAL injury may be interpreted in the light of
recent observations in the proximal tubule showing that ische-
mia induces cell membrane alterations analogous to the inser-
tion of calcium ionophores [37]. While calcium entry may
enhance medullary hypoxic damage, it is also likely that mcd-
ullary hypoxia intensifies the injury produced by calcium ex-
cess. Thus, a variety of mechanisms contribute to the syner-
gism between calcium and hypoxia.
The predilection of hypercalcemic nephropathy for selective
'Although in vivo hypercalcemia may reduce sodium transport in the
thick ascending limb [21, 221, calcium stimulates transport in chloride-
secreting epithelia [23—25] and activates potassium channels [261. Al-
though hypercalcemia impaired chloride reabsorption in microperfused
loop segments in vivo 27], the effect of calcium upon sodium chloride
transport in isolated thick ascending limbs is not yet known.
AA + high Ca
19 mg/dI
AA
100 Controls
5,0,5,
E 800
-c
60-
40- //
20-
0 ___ ____ _____ABC ABC ABC
Fig. 5. Effects of varying calcium availability to renal cells upon
hypoxic injury to medullary thick ascending limbs (mTALs) in isolated
kidneys perfused with medium enriched with amino acids (AA). The
statistical significance refers to the comparison of severe (*, **) and
moderate (+) damage vs. AA controls. Symbols are: () moderate and
(U) severe saas; regions of the inner stripe—A outer, B mid, C
inner; * P < 0.01 vs. AA controls; **, , P < 0.001 vs. AA controls.
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Fig. 6. Effect of calciu,n ionophore in kidneys perfused with amino acids. Renal cortex. When the perfusate contains amino acids, the proximal
tubules have vacuolar changes but show no further alterations when high calcium or calcium ionophore is used. The diffuseness of these changes
can be appreciated in (A) where calcium ionophore was present. A high power (B) of another kidney with amino acids alone emphasizes the
localization of these vacuoles immediately beneath the brush border. (x 400, x 640)
damage to the renal medulla has been ascribed in the past to the injury to the inner stripe of the outer medulla, with atrophy and
high concentration of calcium in the capillary blood of the vasa calcification of mTALs most obvious in the central interbundle
recta and in the urine [381. The present experiments provide an zones away from vascular supply [39]. These data support a
additional explanation: the interaction between lack of oxygen possible role for hypoxia in the vulnerability of the renal
and excess calcium to produce cell injury in the hypoxic medulla to hypercalcemia in vivo.
environment of the medulla. Recent observations in rats with In conclusion, in isolated perfused rat kidneys, calcium
chronic hypercalcemia in vivo have revealed predominant excess adversely interacts with hypoxic injury to medullary
Lto
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thick limbs. Calcium appears to increase the susceptibility of
the renal medulla to hypoxia by a mechanism potentially
operative in hypercalcemic nephropathy and ischemic acute
renal failure.
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